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Introduction {#sec001}
============

Monocytes originate from hematopoietic stem cells in the bone marrow and comprise \~10% of blood leukocytes in humans. Activated monocytes operate as innate effectors during inflammatory and pathogenic responses, performing phagocytosis, producing cytokines and various other mediators \[[@pone.0183594.ref001], [@pone.0183594.ref002]\]. Monocytes also participate in adaptive immunity as antigen presenting cells \[[@pone.0183594.ref003]\]. Monocytes contribute to the pool of tissue macrophages in certain tissues (intestine, for example) and under certain inflammatory conditions, but recent work demonstrates that monocytes are not the precursor cells of most tissue macrophages during homeostasis or under some inflammatory conditions, with most tissues macrophages originating from embryonic precursors that colonize tissues prenatally \[[@pone.0183594.ref002], [@pone.0183594.ref004]\]. These discoveries are leading to a reassessment of monocyte function, both at homeostasis and during inflammatory responses, and the realization that monocytes and monocyte-derived cells may play important roles alongside macrophages and dendritic cells \[[@pone.0183594.ref002]--[@pone.0183594.ref004]\].

Monocytes are a heterogeneous population. In humans, two major subsets were initially identified based on the surface expression of CD14, the lipopolysaccharide (LPS) receptor, and CD16, the low affinity Fc receptor for IgG (FcγRIII). These subsets have been named classical monocytes (CD14++, CD16^-^), encompassing \~80--90% of the total monocytes and corresponding to the mouse Ly6C++ subset, and non-classical monocytes (CD14+, CD16++), \~10% of total monocytes and corresponding to the Ly6C+ in the mouse. A third subset, expressing both CD14 and CD16 and named intermediate subset (CD14++CD16+), was subsequently identified in humans, and constitutes \~10% of total monocytes \[[@pone.0183594.ref005]\]. It has also been suggested that the CD14 classical subset gives rise sequentially to the intermediate and to the non-classical subset \[[@pone.0183594.ref006]\].

The distinction between the 3 human monocyte subsets remains somewhat arbitrary, given the absence of markers that unambiguously distinguish them. However, phenotypic and gene expression studies suggest subset-specific functions \[[@pone.0183594.ref006]--[@pone.0183594.ref008]\]. It is also likely that further heterogeneity will be uncovered \[[@pone.0183594.ref009]\].

One differentiating feature revealed by transcriptional analyses is that intermediate monocytes express high levels of message from major histocompatility complex class II (MHCII) antigen processing and presentation genes \[[@pone.0183594.ref007], [@pone.0183594.ref008]\], compared to the classical and non-classical subsets. Constitutively expressed by professional antigen presenting cells (APCs), MHCII molecules, HLA-DR, -DQ, and -DP in humans, present peptides derived from endogenous or exogenous proteins. The biosynthetic pathway of MHCII molecules begins in the endoplasmic reticulum, where a dedicated chaperone, invariant chain (Ii), interacts with newly synthesized MHCII heterodimers, stabilizing them and preventing premature loading of ligands into the MHCII groove. MHCII/Ii complexes travel to endosomal compartments where Ii is digested by proteases, leaving a residual nested set of fragments called class II-associated Ii peptide, or CLIP, in the peptide-binding groove. In late endosomal compartments, CLIP is released and exchanged for other peptides. For most alleles, this exchange requires the action of HLA-DM, an MHCII homolog that also stabilizes empty MHCII and edits the peptide repertoire in favor of tight-binding peptides \[[@pone.0183594.ref010]\]. MHCII/peptide complexes interact with αβ T cell receptors on CD4+ T cells, to trigger adaptive immune responses.

The combined action of Ii and HLA-DM and other factors modulate the expression of MHCII at the cell surface. In this study, we analyzed expression of MHCII and MHCII related molecules in the 3 monocyte subsets. We assessed the ratio of surface MHCII/CLIP to total MHCII as a measure of HLA-DM function \[[@pone.0183594.ref011]\], both at baseline and following cytokine stimuli. These investigations shed light on mechanisms underlying diverse capabilities of the three human monocyte subsets.

Materials and methods {#sec002}
=====================

Sample collection and preparation {#sec003}
---------------------------------

De-identified blood samples were obtained from healthy adult donors at the Stanford Blood Center; the work was conducted with approval from the Administrative Panels on Human Subjects Research from Stanford University. The blood was collected in heparin tubes (BD Vacutainer, BD, Franklin Lakes, NJ); peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using LSM Lymphocyte Separation Medium (MP Biomedicals, Santa Ana, CA) and frozen in 10% DMSO/25% heat inactivated (HI) human AB serum (Mediatech, Manassas, VA). Fresh PBMCs isolated from de-identified buffy coats were used for fluorescence-activated cell sorting of monocytes.

Flow cytometric analysis of protein expression {#sec004}
----------------------------------------------

Flow cytometry on frozen PBMCs was performed as follows. Following thawing, cells (5-10x10^6^) were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain (Life Technologies, Eugene, OR). Staining with unlabeled HLA-DP antibody B7/21.1 was done first, followed by a secondary BV605-labeled goat anti-mouse IgG antibody (Biolegend, San Diego, CA). The B7/21.1 antibody recognizes human HLA-DP \[[@pone.0183594.ref012], [@pone.0183594.ref013]\]. Subsequently, staining with directly labeled antibodies was performed. A cocktail of antibodies against CD3, CD19, CD56, and CD66b, all labeled with PercpCy5.5, was used to exclude T-cells, B-cells, NK cells, and neutrophils respectively ('dump'); antibodies against CD1c and CD141 were used to identify and exclude dendritic cells, which like monocytes express CD14 and CD16. CD14-Pacific Blue (clone M5E2), and CD16-PE Cy7 (clone 3G8) were used to identify monocytes and their three subsets. Monomorphic antibody against HLA-DR (clone L243), conjugated with APC Cy7 \[[@pone.0183594.ref014]\] and HLA-DQ (clone 1a3), conjugated with PE (Leinco Technologies, Fenton, MO) were used, together with CerCLIP-FITC (BD Biosciences, San Jose, CA), which recognizes human CLIP bound to MHCII \[[@pone.0183594.ref015]\]. Following surface staining, cells were fixed with BD Cytofix and permeabilized with 1x BD Perm/Wash (BD Biosciences). Finally, the PBMCs were incubated with Map.DM1, an antibody against HLA-DM \[[@pone.0183594.ref016]\] conjugated to Alexa Fluor 647. Thirty PBMC samples were analyzed for HLA-DR, HLA-DP and HLA-DM; HLA-DQ was added to the last 10 samples. CLIP staining was performed in 23 samples.

Eight PBMC samples were stained with the unlabeled antibody 14--23, which binds to human HLA-DR1-CLIP, HLA-DR3-CLIP, and HLA-DR4-CLIP complexes \[\[[@pone.0183594.ref017]\]; E. Mellins, unpublished data\]: a secondary BV605-labeled goat anti-mouse IgG antibody was used. Although 14--23 is known to recognize human HLA-DR1/CLIP, HLA-DR3/CLIP, and HLA-DR4/CLIP complexes, other alleles have not been tested and may also be recognized as reactivity with the 3 tested alleles implicates binding to HLA-DR alpha, which is shared by all HLA-DR alleles. Cytokine receptors were analyzed in 10 PBMC samples; samples were stained with antibodies against CD116-FITC (GM-CSFR alpha chain, clone 4H1) and anti-CD124-APC (IL-4R alpha chain, clone G077F7).

Except as specified, all antibodies are from Biolegend. Fluorescence minus one (FMO) were used a negative control; in addition, stain with secondary antibody only (BV605-labeled goat anti-mouse IgG antibody) was used to determine level of unspecific staining. Data were collected on a Cytek DPX10 FACS machine (Cytek Biosciences, Fremont, CA). Data analysis was performed using FlowJo software (Tree Star, Ashland, OR).

Fluorescent-activated cell sorting of monocytes {#sec005}
-----------------------------------------------

Flow cytometry based sorting was performed on freshly collected buffy coat blood samples. PBMCs were isolated by density gradient centrifugation as above, and the cells were enriched for all monocytes using the Pan Monocyte Isolation Kit (Miltenyi Biotech, San Diego, CA). Enriched monocytes were stained for surface antigens as previously described. Sterile flow cytometry sorting was performed using a BD FACSAria II (BD Biosciences) at the Stanford Shared FACS Facility (SSFF) using a 100uM nozzle, yielding monocyte subset purity of over 95% (using the classical subset). Monocyte subsets from 7 different subjects were isolated; due to limitation in cell numbers, not all stimulations were performed in all samples; specific numbers of samples tested for each stimulation are given below.

Cytokine stimulation assays {#sec006}
---------------------------

Sorted monocytes (20,000 per test) were stimulated with various cytokines in RPMI 1640 media with 10% HI AB serum, 1% Penicillin/Streptomycin, and 1% glutamine. Monocyte subsets were left unstimulated or stimulated with 5 ng/ml of IFNγ (BioLegend, n = 6), 10 ng/ml of IL-4 (Peprotech, Rocky Hill, NJ, n = 7), 800 IU/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF; Sargramostim; Immunex, Seattle, WA, n = 7), or 100 ng/ml of IL-10 (BioLegend, n = 6) for 20-24h at 37°C. Following stimulation, cells were washed with media and promptly analyzed for protein expression using flow cytometry as described above. Positively isolated CD14+ (100.000 per test) were isolated using CD14+ microbeads (Miltenyi Biotec, San Diego, CA) from 7 previously frozen PBMC samples, stimulated with IFNγ and analyzed for protein expression using flow cytometry as above.

Statistical analyses {#sec007}
--------------------

All statistical procedures were performed with GraphPad Prism Version 7.03 for Windows (GraphPad Software, LA Jolla, CA, [www.graphpad.com](http://www.graphpad.com)). Staining data from PBMCs were tested for normality using D\'Agostino & Pearson normality test and the appropriate test was then applied. For normally distributed groups we used paired one-way ANOVA without assuming equal variability of differences (sphericity) and Holm-Sidak\'s multiple comparisons test for group to group comparison. For groups not normally distributed we used the Friedman test, and group to group comparisons were made using the Dunn's Multiple Comparisons test. Data from sorted monocytes and positively isolated CD14+ monocytes were analyzed using Wilcoxon matched-pairs signed rank test. Bivariate scatterplots were analyzed using the Spearman correlation test.

Results {#sec008}
=======

Surface expression levels of MHC class II molecules, HLA-DR, -DQ and -DP, are highest in intermediate monocytes {#sec009}
---------------------------------------------------------------------------------------------------------------

To begin to analyze class II pathway constituents in human monocyte subsets, we measured surface expression levels of the MHCII molecules, HLA-DR, -DP, and --DQ, on the 3 monocyte subsets within PBMC from healthy adults; [Fig 1](#pone.0183594.g001){ref-type="fig"} illustrates the gating strategy used to identify the monocyte subsets. We found that intermediate monocytes expressed the highest level of surface HLA-DR, whereas expression levels were lower and similar between the classical and non-classical monocytes ([Fig 2A and 2J](#pone.0183594.g002){ref-type="fig"}). Surface HLA-DQ and -DP also were expressed at higher levels in the intermediate subset and at comparable, lower levels in the classical and non-classical monocytes ([Fig 2B and 2C](#pone.0183594.g002){ref-type="fig"}).

![Flow cytometry gating strategy to identify the three monocyte subsets from PBMCs.\
(A) FSC x SSC gating to obtain mononuclear cells based on size and granularity. (B) Live/dead Aqua marker used to identify live cells (Aqua negative cells). (C) Staining with lineage-specific antibodies against T-cells, B-cells, NK cells, Dendritic cells and neutrophils ('dump', see [Methods](#sec002){ref-type="sec"}) to allow exclusion of these cells. (D) HLA-DR was used to identify monocytes, which are HLA-DR positive. (E) CD14 x CD16 gating used to select monocytes. (F) Gates for monocyte subsets based on CD14 and CD16 expression were determined using respective Fluorescence minus one (FMO) controls.](pone.0183594.g001){#pone.0183594.g001}

![The intermediate subset expresses the highest levels of MHC class II surface protein expression and HLA-DM, and the lowest levels of CLIP to MHC class II ratio.\
(A) Median fluorescence intensity (MFI) of HLA-DR on the cell surface of 30 samples using L243 monoclonal antibody. (B) MFI of HLA-DQ on the cell surface of 10 samples using 1a3 monoclonal antibody. (C) MFI of HLA-DP on the cell surface of 30 samples using B7/21.1 antibody. (D) MFI of HLA-DM using Map.DM1 antibody after permeabilization on 30 samples. (E) MFI of surface CLIP using CerCLIP antibody on 23 samples. (F) CLIP:HLA-DR ratio was calculated by dividing the surface CerCLIP MFI by the surface HLA-DR MFI for 23 samples. (G) The 14--23:HLA-DR ratio was calculated by dividing the surface 14--23 MFI by the surface HLA-DR MFI for 8 samples. (H) CLIP:HLA-DQ ratio was calculated by dividing the surface CerCLIP MFI by the surface HLA-DQ MFI for 10 samples. (I) CLIP:HLA-DP ratio was calculated by dividing the surface CerCLIP MFI by the surface HLA-DP MFI for 23 samples. CLIP:MHCII and 14--23:HLA-DR ratios are multiplied by 100. (J) Representative histogram of flow cytometry staining for HLA-DR. (K) Representative histogram of flow cytometry staining for HLA-DM. In (J) and (K), Fluorescence minus one (FMO) was used as negative control. Monocyte subsets were paired for each individual sample, thus statistical analysis used Friedman tests with Dunn's Multiple Comparison tests, except for (G) and (H) were Wilcoxon matched-pairs signed rank test was used for group to group comparison. Statistical significance represented by asterisk: \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001; \*\*\*\*, p \<0.0001. C: Classical; I: Intermediate; NC: Non-classical.](pone.0183594.g002){#pone.0183594.g002}

HLA-DM expression is highest, and CLIP:MHCII ratios lowest, in intermediate monocytes {#sec010}
-------------------------------------------------------------------------------------

We found that intermediate monocytes had the highest levels of HLA-DM; the lowest levels were found in non-classical monocytes ([Fig 2D and 2K](#pone.0183594.g002){ref-type="fig"}). To evaluate differences in HLA-DM functionality between the monocyte subsets, we measured levels of CLIP at the cell surface. We observed that, among the 3 subsets, total surface levels of CLIP were lowest in the classical subset ([Fig 2E](#pone.0183594.g002){ref-type="fig"}). To evaluate the efficiency of CLIP exchange for other peptides, levels of CLIP must be normalized for levels of class II proteins. CLIP:HLA-DR ratios were calculated from the flow cytometry data by dividing the CerCLIP median fluorescence intensity (MFI) by the L243 (anti-HLA-DR) MFI. In accordance with higher levels of HLA-DR and HLA-DM in intermediate monocytes, this subset showed the lowest CLIP:HLA-DR ratio levels compared to classical and non-classical subsets ([Fig 2F](#pone.0183594.g002){ref-type="fig"}). The CLIP:HLA-DR ratio was not significantly different between the classical and non-classical monocytes, despite the difference in HLA-DM levels between these 2 subsets ([Fig 2D and 2K](#pone.0183594.g002){ref-type="fig"}). As a more precise measure of CLIP loading onto surface HLA-DR, we used the 14--23 monoclonal antibody, which specifically binds HLA-DR/CLIP complexes, whereas the CERCLIP antibody binds to CLIP loaded onto any class II molecule. The intermediate monocyte subset had the lowest HLA-DR-CLIP (14--23):HLA-DR (L243) ratios ([Fig 2G](#pone.0183594.g002){ref-type="fig"}), corroborating the CLIP:HLA-DR ratio findings.

We also determined CLIP:HLA-DQ and CLIP:HLA-DP ratios using the CerCLIP antibody. Similar to CLIP:HLA-DR, CLIP:HLA-DQ and CLIP:HLA-DP ratios were significantly lower for intermediate monocytes as compared to the classical and non-classical subsets ([Fig 2H and 2I](#pone.0183594.g002){ref-type="fig"}). Using Spearman correlation, we found that the CLIP:HLA-DR ratio correlated negatively with HLA-DM expression, achieving statistical significance in all three monocyte subsets ([Fig 3A](#pone.0183594.g003){ref-type="fig"}). A negative correlation also was found for the CLIP:HLA-DP ratio and HLA-DM expression ([Fig 3B](#pone.0183594.g003){ref-type="fig"}). The negative correlations were the strongest in the intermediate monocytes. Negative correlations between HLA-DM and CLIP:HLA-DQ were also observed for the 3 subsets ([S1 Fig](#pone.0183594.s001){ref-type="supplementary-material"}), with the non-classical subset showing the strongest correlation.

![CLIP:DR and CLIP:DP ratios correlate negatively with HLA-DM expression in monocyte subsets.\
(A) Spearman correlation between the CLIP:HLA-DR ratios and HLA-DM MFI's for the three monocyte subsets from 23 samples. (B) Spearman correlation between the CLIP:HLA-DP ratios and HLA-DM MFIs for the three monocyte subsets from 23 samples. All CLIP:MHCII ratios are multiplied by 100.](pone.0183594.g003){#pone.0183594.g003}

Cytokine stimulation of sorted monocyte subsets {#sec011}
-----------------------------------------------

We next investigated the patterns of HLA-DR, HLA-DM and CLIP expression in the 3 monocyte subsets in response to several cytokine stimuli. We used sorted monocyte subsets and focused on HLA-DR, the most abundant human class II isotype, for these studies; [Fig 4A](#pone.0183594.g004){ref-type="fig"} shows the gating strategy used for sorting \[[@pone.0183594.ref005]\]. We observed that in unstimulated monocytes following sorting and 20-24h culture, the differences previously observed for levels of surface HLA-DR, HLA-DM, surface CLIP and CLIP:HLA-DR ratio among the different subsets were maintained ([Fig 4B](#pone.0183594.g004){ref-type="fig"}).

![Profile of sorted, unstimulated monocytes in culture for 20--24 h is similar to monocytes within PBMC.\
(A) Flow cytometry gating scheme depicting the gating strategy used to identify the three monocyte subsets for sorting. Isolated PBMCs, enriched for monocytes (see [Methods](#sec002){ref-type="sec"}) were gated on a FSC x SSC plot; single, live cells were selected. Cells negative for neutrophils, and T, B, NK and Dendritic cells were further selected ('non-dump'), and HLA-DRxSSC was used to identify monocytes (HLA-DR+). Gates for monocyte subsets based on CD14 and CD16 expression were determined using respective FMO controls. (B) Median fluorescence intensity (MFI) of surface HLA-DR, HLA-DM, surface CLIP and CLIP:HLA-DR ratios from 7 individual sorted samples (except HLA-DM, n = 6). Wilcoxon matched-pairs signed rank test was used for group to group comparison. Statistical significance represented by asterisk: \*, p \< 0.05. C: Classical; I: Intermediate; NC: Non-classical.](pone.0183594.g004){#pone.0183594.g004}

IFNγ effects on MHCII in monocyte subsets {#sec012}
-----------------------------------------

We observed that following IFNγ stimulation, all 3 monocyte subsets significantly upregulated expression of surface HLA-DR ([Fig 5A](#pone.0183594.g005){ref-type="fig"}). HLA-DR fold change was lower in the intermediate subset compared to the other subsets ([S2 Fig](#pone.0183594.s002){ref-type="supplementary-material"}). CLIP surface expression also was increased by IFNγ in all 3 subsets, although to a lesser degree in the non-classical subset, where 5 out of 6 pairs showed an increase, whereas for the classical and intermediate subsets, all 6 pairs showed increased CLIP expression ([Fig 5B](#pone.0183594.g005){ref-type="fig"}). Changes in HLA-DM expression (as detected by anti-DM dimer antibody, mapDM.1) following IFNγ stimulation were more noticeable in the classical subset, where 4 out of 6 samples showed at an average increase of 2.2x over control (unstimulated) levels ([Fig 5C](#pone.0183594.g005){ref-type="fig"}).

![IFNγ stimulation increases HLA-DR and CLIP surface expression in all monocyte subsets.\
Sorted monocytes from each subset were incubated with 5 ng/ml of IFNγ for 20--24 hours or left unstimulated (control). (A) Cells were stained for surface HLA-DR using L243. Median fluorescence intensity (MFI) was obtained. (B) CLIP MFI measured using the CerCLIP antibody. (C) MFI of HLA-DM using the MapDM1 antibody. (D) CLIP:HLA-DR ratios calculating dividing the MFI of CLIP by the HLA-DR MFI and multiplying by 100. Six independent samples were tested. Wilcoxon matched-pairs signed rank test was used for group to group comparison. Statistical significance represented by asterisk: \*, p \< 0.05.](pone.0183594.g005){#pone.0183594.g005}

Although IFNγ stimulation increased surface expression of HLA-DR and CLIP, and to a lesser degree, the expression of HLA-DM, in a mostly consistent pattern across the 3 subsets, CLIP:HLA-DR ratios varied across and within the subsets ([Fig 5D](#pone.0183594.g005){ref-type="fig"}). To further elucidate the consequence of IFNγ-induction on HLA-DR, HLA-DM and surface CLIP:HLA-DR ratios, we performed additional experiments using positively isolated CD14+ monocytes from 7 previously frozen PBMC samples, representing mostly classical monocytes, where the increases were most substantial and consistent across different donors.

We found that IFNγ induces an increase of the total expression (surface+intracellular) of HLA-DR, with a higher relative increase in surface HLA-DR. Specifically, in unstimulated CD14+ monocytes, HLA-DR was found to be approximately equally distributed between surface and inside the cell ([Fig 6A](#pone.0183594.g006){ref-type="fig"}). Comparing the expression of HLA-DR in the surface and total following IFNγ stimulation, close to 80% of HLA-DR expression was detected in the surface ([Fig 6B](#pone.0183594.g006){ref-type="fig"}). CLIP expression was also increased, both at the surface and inside the cell. As observed with HLA-DR, in unstimulated cells, CLIP was close to equally distributed between intracellular and surface compartments. After IFNγ stimulation, close to 70% of CLIP was detected at the surface ([S3 Fig](#pone.0183594.s003){ref-type="supplementary-material"}). In 6 out of 7 (70%) samples, the CLIP:HLA-DR ratio at the surface decreased at least 10% following IFNγ stimulation ([Fig 6C](#pone.0183594.g006){ref-type="fig"}). To more precisely evaluate CLIP occupancy of HLA-DR, we measured changes in levels of mAb 14.23 binding in 6 of these samples. Using positively isolated CD14+, we found that the ratios of 14--23:HLA-DR at the surface were decreased in all 6 samples tested after IFNγ stimulation ([Fig 6D](#pone.0183594.g006){ref-type="fig"}).

![IFNγ stimulation preferentially increases the expression of HLA-DR at the surface.\
(A) HLA-DR expression was determined using L243 antibody in unstimulated, positively isolated CD14+ monocytes, both at the surface and intracellularly (defined as the difference between total HLA-DR MFI and the surface MFI) after 20--24 hours; MFI expressed as percentage. (B) CD14+ monocytes were stimulated with 5 ng/ml of IFNγ for 20--24 hours and HLA-DR expression determined as in (A). (C) CLIP:HLA-DR ratio was calculated by dividing the surface CerCLIP MFI by the surface HLA-DR MFI. (D) The 14-23/HLA-DR ratio was calculated by dividing the surface 14--23 MFI by the surface HLA-DR MFI. Seven samples were tested, except for the 14--23 antibody, n = 6. Wilcoxon matched-pairs signed rank test was used for group to group comparison. Statistical significance represented by asterisk: \*, p \< 0.05.](pone.0183594.g006){#pone.0183594.g006}

GM-CSF effects on MHCII in monocyte subsets {#sec013}
-------------------------------------------

Different responses among the monocytes subsets were observed following stimulation with GM-CSF, which induced a significant increase of surface HLA-DR only in classical monocytes ([Fig 7A](#pone.0183594.g007){ref-type="fig"}). Surface CLIP expression was not changed after GM-CSF stimulation ([Fig 7B](#pone.0183594.g007){ref-type="fig"}). Using MapDM1 antibody, we did not observe an increase in HLA-DM in any of subsets; in fact, there is a progressive increase in the number of samples that reduce HLA-DM in response to GM-CSF from classical to non-classical subset, where the decrease is statistically significant ([Fig 7C](#pone.0183594.g007){ref-type="fig"}). However, we found that the CLIP:HLA-DR ratio is decreased by GM-CSF in the classical subset ([Fig 7D](#pone.0183594.g007){ref-type="fig"}). The non-classical subset showed CLIP:HLA-DR increase in 5/7 samples (average 1.2x); decrease of HLA-DM could be a contributing factor ([Fig 7C](#pone.0183594.g007){ref-type="fig"}).

![GM-CSF stimulation increases surface HLA-DR in the classical subset and decreases HLA-DM in the non-classical subset, and GM-CSF receptor alpha chain shows differential surface expression among monocyte subsets.\
Sorted monocytes from each subset were incubated with 800 IU/ml of GM-CSF for 20--24 hours or left unstimulated (control). (A) Median fluorescence intensity (MFI) of HLA-DR measured using the L243 antibody. (B) CLIP MFI measured using the CerCLIP antibody. (C) MFI of HLA-DM using the MapDM1 antibody. (D) CLIP:HLA-DR ratios calculating dividing the MFI of CLIP by the HLA-DR MFI and multiplying by 100. Seven independent samples were tested, except for HLA-DM (n = 6). Wilcoxon matched-pairs signed rank test was used for group to group comparison. (E) Percentage of CD116 (GM-CSFR alpha chain) positive monocytes in each subset among PBMCs. (F) CD116 (GM-CSFR alpha chain) MFI in each subset among PBMCs. Ten independent samples were tested. Repeat measures ANOVA with Holm-Sidak\'s multiple comparisons test was used (for E and F). C: Classical; I: Intermediate; NC: Non-classical. Statistical significance represented by asterisk: \*, p \< 0.05, \*\*\*, p \< 0.001; \*\*\*\*, p \<0.0001.](pone.0183594.g007){#pone.0183594.g007}

Differential surface expression of cytokine receptors among the monocyte subsets is one potential factor affecting their distinct responses to GM-CSF. The GM-CSF receptor comprises 2 subunits, the ligand specific GM-CSFRα chain, and the GM-CSFβ chain, common to the GM-CSF, IL-3 and IL-5 receptors. Of interest, in the classical and intermediate subsets all cells are positive for GM-CSFRα, whereas in non-classical monocytes the expression of the ligand-specific GM-CSFRα subunit appears to further subset the group into positive and negative cells ([Fig 7E](#pone.0183594.g007){ref-type="fig"}). Further, the *ex-vivo* baseline expression of GM-CSFRα varies with classical \> intermediate \> non-classical, on the expressing cells ([Fig 7F](#pone.0183594.g007){ref-type="fig"}).

IL-4 effects on MHCII in monocyte subsets {#sec014}
-----------------------------------------

IL-4 exposure induced a significant increase in surface HLA-DR in the classical subset and in 4/6 samples of the intermediate subset (average increase 1.6x, [Fig 8A](#pone.0183594.g008){ref-type="fig"}) In contrast, HLA-DR on the non-classical monocytes was reduced or unchanged. IL-4 stimulation induced no observable changes in surface CLIP expression ([Fig 8B](#pone.0183594.g008){ref-type="fig"}), and no significant changes for HLA-DM, except in the classical subset, which showed a trend for increased HLA-DM, with 4/6 samples increasing HLA-DM (average increase 1.6x, [Fig 8C](#pone.0183594.g008){ref-type="fig"}), and decreased CLIP:HLA-DR ratio after IL-4 ([Fig 8D](#pone.0183594.g008){ref-type="fig"}). We measured expression of surface IL-4Rα, the ligand binding chain of the IL-4 receptor, and observed positive and negative subgroups within each of the defined monocyte subsets. The intermediate subset had the highest percentage cells expressing IL-4Rα, and the non-classical subset had the lowest level of IL-4Rα expression ([Fig 8E and 8F](#pone.0183594.g008){ref-type="fig"}).

![IL-4 stimulation increases HLA-DR surface expression in the classical subset, and IL-4 receptor alpha chain is differentially expressed among monocyte subsets.\
Sorted monocytes from each subset were incubated with 10 ng/ml of IL-4 for 20--24 hours or left unstimulated (control). (A) Median fluorescence intensity (MFI) of HLA-DR measured using the L243 antibody. (B) Median fluorescence intensity (MFI) of CLIP measured using the CerCLIP antibody. (C) Median fluorescence intensity (MFI) of HLA-DM using the MapDM1 antibody. (D) CLIP:HLA-DR ratios calculating dividing the MFI of CLIP by the HLA-DR MFI and multiplying by 100. Seven independent samples were tested, except for HLA-DM (n = 6). Wilcoxon matched-pairs signed rank test was used for group to group comparison. (E) Percentage of CD124 (IL-4R alpha chain) positive monocytes in each subset among PBMCs. (F) CD124 (IL-4R alpha chain) MFI in in each subset among PBMCs. Ten independent samples were tested. Repeat measures ANOVA with Holm-Sidak\'s multiple comparisons test was used (for E and F). C: Classical; I: Intermediate; NC: Non-classical. Statistical significance represented by asterisk: \*, p \< 0.05, \*\*, p \< 0.01.](pone.0183594.g008){#pone.0183594.g008}

IL-10 effects on MHCII in monocyte subsets {#sec015}
------------------------------------------

Incubation with IL-10 significantly reduced the HLA-DR expression in all 3 monocyte subsets ([Fig 9A](#pone.0183594.g009){ref-type="fig"}). CLIP surface expression was not significantly altered after IL-10 stimulation, although there was a trend for decreased surface CLIP expression in the non-classical subset ([Fig 9B](#pone.0183594.g009){ref-type="fig"}). IL-10 also induced a significant decrease of HLA-DM expression ([Fig 9C](#pone.0183594.g009){ref-type="fig"}) and a significant increase of CLIP:HLA-DR in all 3 subsets ([Fig 9D](#pone.0183594.g009){ref-type="fig"}). Overall, the 3 monocyte subsets showed a largely similar pattern of responses to IL-10.

![IL-10 stimulation decreases HLA-DR surface expression in all 3 monocyte subsets.\
Sorted monocytes from each subset were incubated with 100 ng/ml of IL-10 for 20--24 hours or left unstimulated (control). (A) Cells were stained for surface HLA-DR using L243. Median fluorescence intensity (MFI) was obtained. (B) CLIP MFI measured using the CerCLIP antibody. (C) MFI of HLA-HLA-DM using the MapDM1 antibody. (D) CLIP:HLA-DR ratios calculating dividing the MFI of CLIP by the HLA-DR MFI and multiplying by 100. Six independent samples were tested. Wilcoxon matched-pairs signed rank test was used for group to group comparison. Statistical significance represented by asterisk: \*, p \< 0.05.](pone.0183594.g009){#pone.0183594.g009}

Discussion {#sec016}
==========

Our study shows that the human 3 monocyte subsets, identified based on CD14 and CD16 expression, have distinct expression patterns of MHCII molecules and HLA-DM at steady state and that these molecules are modulated differently in response to cytokine stimulation in the different subsets. These differences likely reflect distinct functions of these subsets during homeostasis and in response to cytokine environments.

When analyzing monocytes within unstimulated PBMCs, we observed that the intermediate monocyte subset expresses the highest level of surface HLA-DR, in accordance with previous reports \[[@pone.0183594.ref007], [@pone.0183594.ref018]\]. We found that the intermediate monocytes also express the highest surface level of HLA-DP and HLA-DQ proteins, consistent with gene expression studies that showed that HLA-DPA1, -DPB1, and -DQB1 transcripts are elevated in intermediate monocytes \[[@pone.0183594.ref007], [@pone.0183594.ref008]\].

Among the 3 monocyte subsets, intermediate monocytes also express the highest level of HLA-DM, the MHCII peptide exchange catalyst. HLA-DM catalyzes exchange of CLIP for other peptides on class II molecules. In the absence of HLA-DM function, most MHCII alleles are expressed at the cell surface with CLIP still bound. To measure total surface CLIP, we used the CerCLIP antibody, which binds to the CLIP N-terminal region, which extends beyond the peptide binding groove \[[@pone.0183594.ref015]\]; thus, CerCLIP binds to CLIP bound to any MHCII allele. In line with the high expression of HLA-DM, intermediate monocytes also have the lowest CLIP:MHCII and DR-CLIP(14.23):HLA-DR ratios of all 3 subsets, an indirect measure of HLA-DM function. HLA-DM expression negatively correlates with CLIP:MHC ratio, suggesting that the level of HLA-DM is primarily responsible for the levels of CLIP on the cell surface, at least for the intermediate subset. These findings are consistent with the known function of HLA-DM. However, the relationship between the levels of HLA-DM and CLIP:MHCII can be modulated by MHCII allelic affinity for CLIP or for HLA-DM. This and other factors \[[@pone.0183594.ref019]\] may contribute to the wide distribution of CLIP:MHCII ratios at lower levels of HLA-DM expression, where the affinity differences will be the most consequential. It has been suggested that the intermediate subset possesses the highest capacity to present antigen \[[@pone.0183594.ref006]\], and it has been shown that the intermediate subset induces the highest proliferation in CD4+ T cells stimulated with SEB \[[@pone.0183594.ref008]\]. Our results provide insight into the possible mechanisms involved in this phenotype. Our findings that CLIP:MHCII and HLA-CLIP(14.23):HLA-DR ratios are lowest on intermediate monocytes imply that this subset presents other peptide/MHCII complexes efficiently. In addition to HLA-DM, other factors may contribute to the enhanced capacity for class II restricted antigen presentation, such as levels of endosomal proteases, which generate peptides for MHC II presentation. For example, cathepsins B and L have been shown to be elevated in intermediate monocytes \[[@pone.0183594.ref008], [@pone.0183594.ref020]\]. However, it was also reported that intermediate monocytes can inhibit autologous proliferation and induce production of IL-10 by CD4+ T cells \[[@pone.0183594.ref021]\]. Thus, the functional consequence of interaction with CD4+ T cells may differ, depending on the activation state or polarization of the intermediate subset. Expression of co-stimulatory molecules have also been reported to be elevated in intermediate monocytes, such as CD40 \[[@pone.0183594.ref007]\], and CD86, although CD86 has also been found to be elevated in non-classical monocytes \[[@pone.0183594.ref018], [@pone.0183594.ref022]\]. The mode of isolation of monocytes may also play a role on the phenotype of monocytes \[[@pone.0183594.ref018]\].

We expected to see lower CLIP:HLA-DR ratios in the classical compared to the non-classical subset, given that HLA-DR levels are generally comparable whereas HLA-DM levels are generally increased in the classical subset compared to the non-classical monocytes. Higher levels of binding of the 14--23 antibody were observed on classical monocytes, raising the possibility that other peptides in addition to CLIP may generate the conformation recognized by mAb 14--23, although this antibody was generated by immunization of HLA-DR3 transgenic mice with HLA-DR3/CLIP complexes \[[@pone.0183594.ref017]\]. Interestingly, the classical monocyte has been observed to be the most efficient at inducing autologous T cell proliferation, although by a small degree \[[@pone.0183594.ref021], [@pone.0183594.ref023]\]. These results suggest that although the intermediate subset has the highest level of MHCII, the lowest CLIP:MHCII ratio, and high levels of costimulatory molecules \[[@pone.0183594.ref007]\], the classical subset may present relevant self-peptides for homeostatic proliferation \[[@pone.0183594.ref024]\]. Monocytes plus IL-7 are sufficient to induce homeostatic proliferation of CD4+ T cells *in vitro* \[[@pone.0183594.ref025]\]. Furthermore, CLIP:MHCII peptide complexes appear to be involved in homeostatic proliferation of naïve T cells \[[@pone.0183594.ref024]\].

Compared to the classical and intermediate subsets, the non-classical subset showed lower levels of expression of MHCII-related molecules and a decreased response to activating cytokines (see below). The non-classical subset has been shown to be involved in patrolling of the endothelial layer of blood vessels \[[@pone.0183594.ref026]\], and their role in antigen presentation may be secondary to their patrolling functions.

When the isolated monocyte subsets were stimulated with different cytokines, the classical subset appeared to be the main responder for activating cytokines (IFNγ, GM-CSF and IL-4). Following stimulations with these cytokines, the classical subset showed increased surface expression of HLA-DR and decreased ratios of CLIP:HLA-DR, implying a recruitment of this subset into an antigen presentation role. Although the intermediate and the non-classical subsets also increased expression of surface HLA-DR in response to IFNγ, the classical subset showed more robust fold changes. The classical subset also showed more consistent changes in CLIP:HLA-DR ratios and a moderate increase in HLA-DM following IFNγ stimulation. IFNγ is a potent activator of monocytes and is known to upregulate MHCII expression \[[@pone.0183594.ref027]\]. IFNγ is also a key cytokine for polarization of monocytes towards an M1, or classically activated phenotype, associated with production of pro-inflammatory mediators \[note: the classification of monocyte polarization types is under discussion and will probably be revised in the future \[[@pone.0183594.ref028], [@pone.0183594.ref029]\]\]. CLIP expression was also increased in all 3 subsets, although the level of increase varied between individual donors, possibly a reflection of differences in the MHCII alleles; the CLIP increase is consistent with previous reports showing that the invariant chain is induced by IFNγ \[[@pone.0183594.ref030]\]; additionally, proteases that may be involved in cleavage of Ii have also been shown to be induced by IFNγ \[[@pone.0183594.ref031]\].

Increased HLA-DR and decreased CLIP:HLA-DR ratio in response to GM-CSF were observed only in the classical subset, confirming our previous observation using total CD14+ monocytes \[[@pone.0183594.ref011]\]. By resolving the subsets, we now show the decrease occurs in the classical subset. GM-CSF is another pro-inflammatory and M1-inducing cytokine \[[@pone.0183594.ref032]\]; \[the terminology will likely change \[[@pone.0183594.ref029]\]\]. GM-CSF has been shown to increase monocyte surface expression of HLA-DR *in vivo*, in patients with sepsis receiving GM-CSF, and this increase could contribute to countering the immunosuppression associated with sepsis \[[@pone.0183594.ref033]\]. Furthermore, GM-CSF treatment increased expression of HLA-DR on monocytes in immunosuppressed patients after surgery; GM-CSF treated group had fewer days with infection compared to placebo and influenza vaccination as a treatment \[[@pone.0183594.ref034]\]. A subsequent analysis of this trial showed that, in addition to increased HLA-DR, monocytes from GM-CSF treated patients showed increased release of LPS-induced TNF \[[@pone.0183594.ref035]\]. These results suggest a potentially clinically relevant role for the GM-CSF induction of HLA-DR.

The CLIP:HLA-DR ratios decreased following GM-CSF in the classical subset. Given the lack of alteration in HLA-DM levels, this result may reflect improved intracellular co-localization of HLA-DR and HLA-DM after GM-CSF treatment of classical monocytes, suggesting recruitment of this subset into an antigen presentation role also in the context of GM-CSF-associated inflammation. The finding that the classical subset shows the highest levels of expression of the ligand binding GM-CSF alpha chain among the 3 subsets may contribute to its apparently enhanced response to GM-CSF.

IL-4 is a Th2 cytokine and activates monocytes to an alternatively-activated, M2-phenotype; this phenotype is generally associated with anti-inflammatory responses. With IL-4 stimulation, the classical subset was again the main responder, with the intermediate subset showing a similar pattern, albeit to a reduced degree. Non-classical monocytes did not show a detectable response to IL-4. This result is consistent with other studies, which found that non-classical monocytes have a reduced cytokine response to IL-4 \[[@pone.0183594.ref023]\]. Differences between CD16+ and CD16- monocytes in induction of some cell markers during dendritic cell differentiation by GM-CSF, IL-4 and TNFα have also been reported \[[@pone.0183594.ref036]\]. Levels of IL4Rα were similar between classical and intermediate subsets, with non-classical monocytes showing the lowest levels, which may contribute to the lack of response from the non-classical subset.

The mechanisms underlying the changes in MHCII molecules expression induced by cytokines likely involve several processes, including transcription and translation, as well as post-translation events such as intracellular trafficking. Using CD14+ monocytes and IFNγ, a combination that showed the most robust responses, we found that IFNγ not only induces the expression of HLA-DR and CLIP, but it appears to induce a preferential trafficking of these molecules to the cell surface. It is also possible that IFNγ increases longevity of HLA-DR molecules at the surface. IFNγ has been shown to be involved in stability of class I molecules \[[@pone.0183594.ref037]\], and similar mechanisms could be involved in class II molecules. Kinetics of induction of HLA-DR and HLA-DM may also be different \[[@pone.0183594.ref038]\], and the molecules may not encounter each other well, introducing further variability in CLIP:HLA-DR ratios.

IL-10 is an anti-inflammatory cytokine that has been found to be a strong suppressor of immune function. IL-10 is thought to mediate anti-inflammatory and immunosuppressive actions of monocytes at least in part by down-regulating surface expression of MHCII molecules \[[@pone.0183594.ref039]\]. Accordingly, and in contrast to the stimulatory cytokines, IL-10 exposure results in large decreases of surface HLA-DR expression, and decreases in HLA-DM expression in all 3 subsets. The CLIP:HLA-DR ratio was also decreased in all 3 subsets, indicating that reduction in antigen presentation role in all monocytes in the IL-10 microenvironment.

Our results add to the evidence that the intermediate subset, at baseline, is better equipped to present antigen, although their precise role as APC during homeostasis is still unclear. During activating conditions, classical monocytes appear to be preferentially recruited into an antigen presenting role. This capacity to respond to activating stimuli may be relevant to the role of classical monocytes at sites of inflammation. Data from animal models as well as human studies indicate that classical monocytes may be the first subset recruited into sites of inflammation, where they encounter a highly inflammatory environment and where their roles include activation of immune cells and production of proinflammatory mediators. Intermediate monocytes may appear after classical monocytes and may also participate in antigen presentation, production of proinflammatory mediators as well as angiogenesis. Non-classical monocytes may arrive later and be associated with wound healing \[[@pone.0183594.ref040]\].

Down-regulation of monocyte antigen presentation function in all three monocyte subsets is accomplished by IL-10, perhaps physiologically during resolution of inflammation. Notably, pathogens, including Epstein-Barr virus and cytomegalovirus, make IL-10 homologues, apparently as an immune evasion strategy to reduce class II-restricted presentation of viral antigen by monocytes \[[@pone.0183594.ref041], [@pone.0183594.ref042]\].

Perturbations in the frequency of intermediate as well as non-classical monocytes have been observed in a variety of conditions, including autoimmune diseases, bacterial and viral infections and several inflammatory conditions such as asthma, coronary artery disease, periodontitis and stroke \[[@pone.0183594.ref006], [@pone.0183594.ref043]\]. Further characterization of monocytes subsets, including improved ways to discriminate among the monocyte subsets \[[@pone.0183594.ref044]\], will help understand the role of these cells in health as well as in disease.
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###### CLIP/DQ ratio correlate negatively with HLA-DM expression in monocyte subsets.

Spearman correlation between the CLIP/DQ ratios (multiplied by 100) and HLA-DM MFI's for the three monocyte subsets from 10 samples.

(PDF)

###### 

Click here for additional data file.

###### HLA-DR fold change is lowest in the intermediate subset.

Sorted monocytes from each subset were incubated with 5 ng/ml of IFNγ for 20--24 hours or left unstimulated. Cells were stained for surface HLA-DR using L243, and median fluorescence intensity (MFI) was obtained. Fold change for HLA-DR was obtained by dividing the HLA-DR MFI after IFNγ stimulation by the MFI of the unstimulated subset. Six independent samples were tested. Wilcoxon matched-pairs signed rank test was used for group to group comparison. Statistical significance represented by asterisk: \*, p \< 0.05. C: Classical; I: Intermediate; NC: Non-classical.

(PDF)
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Click here for additional data file.

###### IFNγ stimulation preferentially increases the expression of CLIP at the surface.

\(A\) CLIP expression was determined using CerCLIP antibody in unstimulated, positively isolated CD14+ monocytes, both at the surface and intracellularly (defined as the difference between total CLIP MFI and the surface MFI) after 20--24 hours; MFI expressed as percentage. (B) CD14+ monocytes were stimulated with 5 ng/ml of IFNγ for 20--24 hours and CLIP expression determined as in (A).
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Click here for additional data file.
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